Abstract. Venezuelan equine encephalitis (VEE) virus was isolated in 1993, 1994, and 1995 from human cases of acute, undifferentiated, febrile illness in the Peruvian Amazon Basin. Two virus isolates were recovered in 1994 from Peruvian soldiers at a jungle outpost near Pantoja in northern Peru, and 10 isolates were obtained from military personnel and civilians in 1993-1995 in Iquitos, an urban center in northeastern Peru. The genetic relationship of these isolates to other VEE virus strains was determined by sequencing 856-867 nucleotide reverse transcriptionpolymerase chain reaction fragments derived from the PE2 glycoprotein gene. The sequences were compared with those of other VEE virus strains, including representatives of the IAB, IC, ID, IE, II, and IIIC subtypes. The two Pantoja isolates were most closely related to subtype IC and ID viruses previously isolated in Colombia and Venezuela, and to the ID viruses isolated during the 1970s in Iquitos. All of the recent Iquitos isolates were similar to one another, but they were more closely related to Panamanian ID strains than to isolates previously obtained in Iquitos, Peru, or in Colombia and Venezuela. The recent Iquitos VEE viral isolates were the first Panama-genotype VEE ID virus strains identified outside of the Republic of Panama.
Venezuelan equine encephalitis (VEE) virus subtype IAB was the cause of equine epizootics and epidemic human disease along the Peruvian coastal plains in the 1940s, 1950s, 1969, and 1973. 1, 2 The irregular occurrence of VEE virus epizootics in the mostly dry coastal plains of Peru, coupled with serologic evidence of VEE viral infection among equine and human populations in the Amazon region of Peru, 3 led to speculation that the coastal epizootics were caused by viruses introduced from the Amazon region by infected humans and/or animals. 4, 5 Ecologic surveys aimed at finding the source of the epizootic virus were conducted in the Peruvian Amazon basin in 1970-1971 and 1975 and yielded 11 VEE virus isolates from mosquitoes and sentinel hamsters in Quistococha, near the city of Iquitos. 4, 5 Venezuelan equine encephalitis virus was not isolated at two other sites near Iquitos nor at sites near Pucallpa, Yurimaguas, or Imacita. 4, 5 Ten of the Quistococha isolates were shown to belong to subtype ID 5, 6 and the other virus remains the only known isolate of subtype IIIC. 6, 7 The VEE ID virus strains isolated near Iquitos in 1970-1971 and 1975 were serologically similar to those found in Panama, Venezuela, and Colombia. 4, 5 These ID isolates are serologically and genetically distinguishable from those of Ecuador and the Pacific coast of Colombia (near Tumaco) using monoclonal antibodies 8 or ribonuclease fingerprinting, 9 respectively. Panama ID isolates can be differentiated from the Colombia-Venezuela strains only by nucleotide sequencing and phylogenetic analysis. 10 In addition, Colombia-Venezuela ID strains are phylogenetically related to the epizootic subtype IC strains that have been isolated in Colombia and Venezuela. [10] [11] [12] Several VEE ID virus strains have caused human disease in Panama, Colombia, Venezuela, and Ecuador. [13] [14] [15] Serologic surveys conducted in 1965, 1970, 1971, and 1975 showed evidence of VEE infection of humans in the Peruvian Amazon basin, [3] [4] [5] 16 but no isolates were made from humans and the subtype of the infecting virus was not determined. In 1993-1995, VEE ID virus was first associated with human disease in the Amazon region of Peru. 17, 18 The VEE virus isolates were obtained from the sera of two patients near Pantoja in 1994, 17 and from 10 patients in and around the city of Iquitos in 1993-1995. 18 One isolate from each of the outbreaks was serologically identified as belonging to subtype ID (Colombia-Venezuela-Panama serologic group) on the basis of a monoclonal antibody ELISA. 17, 18 Limited nucleotide sequence analysis suggested that the Pantoja isolates belonged to the Colombia-Venezuela genotypic group, whereas the Iquitos isolates were of the Panama genotype.
The detailed phylogenetic analysis of all known Peruvian enzootic VEE isolates, with comparisons to Panama-and Colombia-Venezuela-genotype VEE ID virus isolates is reported here. These analyses show that the two Pantoja isolates, as well as the 1970s Iquitos VEE subtype ID virus isolates, belong to the Colombia-Venezuela IC/ID genotypic group. In contrast, the 1993-1995 Iquitos VEE virus isolates belonged to the Panama genotypic group. These results, coupled with previous analyses of other ID strains, 10, 11 demonstrated for the first time the presence of Panama-genotype ID strains outside of the Republic of Panama, and suggested that the Panama genotype may have been recently introduced into Peru.
MATERIALS AND METHODS
Viruses and nucleotide sequencing. The VEE virus isolates used in phylogenetic analyses are listed in Table 1 . The isolation of viruses from clinical specimens in Pantoja and Iquitos has been described in detail elsewhere. 17, 18 Viral RNA was extracted from cell-free supernatants of virus-infected Vero cells using Trizol-LS (Life Technologies, Inc., Gaithersburg, MD) by the manufacturer's recommended procedure. Reverse transcription (RT) and the polymerase chain reaction (PCR) were performed as described previously, 19 using RT primer VEE116 (TACACCCAYTTRTCRTTCTG, nucleotides 9276 to 9257) or 9207 (TRCACTGGCT-GAACTGTT, nucleotides 9224 TO 9207) and PCR primers VEE130 (GAGAACTGCGAGCAATGGTCA, nucleotides 8369 to 8389) and VEE116 or 9207 to amplify a portion of La Avellana, Guatemala 24 Phylogenetic analyses were conducted using the Phylogenetic Analysis Using Parsimony (PAUP) program 25 and the DNAPARS parsimony, NEIGHBOR neighbor-joining, and FITCH distance matrix programs implemented in the PHY-LIP package. 26 Parsimony analysis was implemented using the heuristic algorithm and both ordered (transition:transversion ϭ 4:1, based on previous alphavirus estimates [27] [28] [29] ) and unordered characters, and sequences were added at random with 100 replications. Bootstrap resampling 30 was used to place confidence values on groupings within trees. The nucleotide sequences determined were submitted to the GenBank library under accession numbers U88632-U88650.
RESULTS
Preliminary studies comparing partial nonstructural protein 4 (ns4) gene sequences indicated that the recently isolated VEE ID virus strains from Iquitos, Peru resembled Panamanian ID strains, 18 whereas recent ID isolates from Pantoja, Peru, as well as a 1975 ID virus from Iquitos, were genetically similar to IC and ID strains from Colombia and Venezuela. 17 Sequencing and phylogenetic analyses were used to determine whether any of the Iquitos isolates obtained during the 1970s were of the Panama genotype and to analyze the genetic relationships among Peruvian and Panamanian VEE ID virus isolates. An 856-867 nucleotide segment of the PE2 glycoprotein gene from nine Panama ID strains isolated between 1961 and 1993, 10 Iquitos ID strains isolated in 1970, 1971, and 1975 , two Pantoja isolates from 1994, and 10 Iquitos isolates from 1993, 1994, and 1995 was amplified by the reverse transcription-polymerase chain reaction and sequenced. The aligned VEE ID virus PE2 nucleotide sequences differed by up to 6.4%, with most of the differences clustered within a region that codes for known neutralization domains; however, few of the differences resulted in amino acid changes.
The partial PE2 nucleotide sequence of 31 Peruvian and Panamanian ID strains, including all known Peru ID isolates, were aligned to the homologous regions of representative IAB, IC, ID, II, and IIIC strains. Phylogenetic trees were constructed from this alignment by the maximum parsimony, neighbor joining, and distance matrix methods. All phylogeny algorithms yielded trees with nearly identical branching patterns; differences were only found within closely related groupings of viruses from Panama or Iquitos, Peru, and all trees were consistent with previously published VEE phylogenies. [10] [11] [12] A tree generated by parsimony analysis is shown in Figure 1 . The Panama ID isolates clustered together, whereas the Pantoja isolates and all Iquitos ID isolates from the 1970s were in the Colombia-Venezuela IC/ID genotypic group. The phylogenetic trees also showed that within the Colombia-Venezuela IC-ID group, the two Pantoja isolates segregated separately from subtype IC viruses isolated in Venezuela and Colombia from 1992 to 1995, indicating that the 1994 Pantoja outbreak was unrelated to these other recent outbreaks. The Colombia-Venezuela genotype, which was present in Iquitos during the 1970s, was not isolated from any of the human VEE cases in Iquitos in [1993] [1994] [1995] Analysis of additional isolates from both Panama and Peru would be useful to substantiate these hypotheses; however, Panama ID isolates were not available from the periods 1966-1976, 1978-1983, and 1985-1992 , and there was no reported surveillance for VEE in Peru from 1976 to 1992.
There are several possible explanations for the apparent disappearance of the Colombia-Venezuela VEE ID virus from Iquitos. The design of the current surveillance study 18 may have biased virus isolations in favor of those strains that occur in highly populated areas of Iquitos, so that Colombia-Venezuela genotype strains in enzootic foci outside the main areas of human activity would have gone undetected. However, there were no obvious geographic correlates among the patients from whom the 1993-1995 VEE viruses were isolated, and several of them lived within a few kilometers of Quistococha, the site of virus isolation from mosquitoes and sentinel hamsters in the 1970s. 4, 5 This suggests that the Colombia-Venezuela genotype may no longer exist in Iquitos. We consider it unlikely that all 10 of the 1970s isolates would be of one genotype and all 10 of the 1990s isolates of another genotype, simply due to sampling bias. Colombia-Venezuela genotype VEE ID virus was recently isolated from febrile human patients near Pantoja, Peru, approximately 380 km northwest of Iquitos. 17 Therefore, it is also unlikely that Colombia-Venezuela genotype ID strains in Peru are less virulent in humans than are the Panama-genotype strains, and therefore not detected in the current surveillance program.
If the Colombia-Venezuela and Panama genotypes both existed in Iquitos when Scherer and others 4, 5 conducted their original studies, then the apparent disappearance of the Colombia-Venezuela genotype from Iquitos may indicate that ecologic or other factors have caused a shift in the dominant VEE ID virus genotype. The Colombia-Venezuela genotype, if it still exists in Iquitos, must then represent a very minor population since 10 of 10 isolates from patients sampled over a 22-month period were all of the Panama genotype. Since enzootic VEE viruses tend to be maintained in small, geographically restricted foci, genetic drift could possibly play a major role in their population dynamics. The complex series of infection and transmission events required for arbovirus maintenance may also lead to frequent local extinction events. 31 In such a restricted population, relatively minor disturbances in the local ecology, such as clearing a small section of forest, may have eliminated a genetically unique population in one catastrophic event.
The third and most likely explanation is that the Panama genotype arrived in Iquitos some time after [1970] [1971] [1972] [1973] [1974] [1975] . Rapid movement of epizootic VEE virus strains has been well documented, but the enzootic strains tend to remain within a relatively limited range. 2 In addition to the great distance between central Panama and Iquitos (approximately 900 km), there are major geographic barriers between them that could restrict the movement of viruses. These include the Darienne, a roadless, swampy region that blocks surface transportation along the Panama-Colombia border, and the northern Andes in Colombia, the lowest pass of which is approximately 2,100-2,400 meters above sea level. 4 The distance and geographic barriers make it unlikely that Panama VEE ID virus was brought to Iquitos after 1975 by the natural movement of infected mosquitoes or mammalian hosts, even over a period of several generations. Although limited VEE studies have been conducted in the region between Panama and Iquitos, there are no known Panama-genotype VEE ID virus isolates among strains isolated from Colombia from 1957 to 1983. Additional ecologic surveillance is needed between Panama and Iquitos, in both Colombia and Peru to determine the distribution of Panama-and Colombia-Venezuela genotype VEE viruses in the region.
Several species of migratory birds are susceptible to experimental infection with VEE varieties IAB, IC, and IE, [32] [33] [34] In some cases, viremia may reach levels sufficient for transmission to biting mosquitoes, and VEE virus has been isolated from naturally infected avian species on several occasions. [35] [36] [37] For at least some of these species, it is possible that an infected bird could cover the 900-km flight distance and arrive in Iquitos with sufficient virus titer to infect the local vector and initiate an enzootic cycle. Increased human activity in previously remote areas may also facilitate the rapid movement of viruses over long distances. The movement of persons and cargo between Iquitos and elsewhere in Latin America, especially by air, has increased dramatically in the last 20 years, and the involvement of air transport in the movement of VEE viruses has been previously postulated. 4 The presence of Colombia-Venezuela genotype VEE ID virus in Pantoja demonstrates that the Panama virus has not entirely supplanted the Colombia-Venezuela genotype in the Peruvian Amazon basin. Ecologic studies, including vector collections, reservoir host sampling, sentinel hamster studies, and additional human disease surveillance, in Iquitos and radiating outward, are needed to determine the diversity of VEE virus populations in the upper Amazon basin and to help clarify the mechanisms underlying the apparent population shift from Colombia-Venezuela to Panama genotype VEE ID virus in Iquitos.
